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During this report a large amcunt of data was obtained for the NACA 
663-018 airfoil in order to assess the advantages (if any) of tripping t"e 
bou~dary layer very near the leading edge for chord Reynolds numbers between 
40,000 and 200,000. Single element trips wel'e made from tap~ 2.Smm wide and 
0.15mm thick. The unmodified tape trip in five thicklless was placed across 
the span at 1.1$ chord and the results of lift and drag measure~ents compared 
\Ii th the smooth ai rfoi 1 case. Saw-tooth geometry trips \'Iere al so cut from 
tape and studied using five thicknesses. The saw-tooth tl'ips ~/ere placed 
across the span '!'lith the sharp points facing upstream at loU chord and with 
the valley of the teeth at the 2.5% chord position. A large number of bumps 
and wiggles were produced in the lift coefficient versus angle of attack 
curves with various combinations of Reynolds number, thickness, and type of 
trips. The main result in the drag coefficient was an increase in Cd min ..-lith 
increase in tri p th; ckness. No overall improvement ina i rfoil performance 
could be found for any of the combinations studied. Furthermore, there 
appeared to be very 1 ittl e difference in measured perforrnal,ce \'I'hen using 
ei ther the unmodifi cd tape tl'i p or the sa\,l-tooth tape tri p. Thec;c results 
strongly suggest that an cirfoil not correctly designed for low Reynolds 
number's may not be improved simply by using single element trips. 
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The influence of free stream disturbances on the lift and drag 
performances of the Lissaman 7769 airfoil was also studied in this period. 
The free stream disturbance level and type affected transition which in turn 
affected the boundary layer behavior. Thes~ experiments covered the chord 
Reynolds n~ber range from 100,000 to 300,000. The wind tunnel disturbance 
environment was measured using hot-wire anemometer and sound pressure level 
equipment. The disturbance level was increased by the addition of a 
"turbulence screen" upstream of the test section and/or the addition of a flow 
restrictor downstream of the test section as shown in Figure 1. 
The 11ft and drag performance of the smooth Li ssaman airfoil in the 
standard wind tunnel configuration (i.e., no turbulence screen or flow 
restrictor-fr'ee stream turbulence less thdn 0.1% ) is shown in Figure 2. As 
the angle of attack was increased, s!l1oke visualization indicated that at 6° 
the 1 ami nar boundary separated on the upper surface at about 25% chord \'Ioi1 e 
at 8° the boundary layer appeared to be undergoing transi~!on and separated 
from the upper surface at about 35% chord. At an angle of attack of 10° 
transitior appeared to be complete and the boundary layer remained attached 
until abo~t the 70% chord location. There is a noticeable change in the lift 
curve slope associated with the extension of attached turbulent flow. A sQoke 
photograph at a = 12° is shown in Figure 3a. TIle lift coefficient continues 
to increase in this region, Figure 2a, until it reaches a maximllm value of 1.3 
at 16°. Further increase in angle of attack cause the location of turbulent 
separation near the trailing edge to move upstream,and Ct to decrease slig~t1y, 
IJntil 1 t reacht!s about 35% chord whet'c a jump takes pl ace to a 1 ami nar 
separation at the leading edge at about 19°. At this point there is an abrupt 
decre~se in Ct from about 1.25 to about 0.9. As the angle of attack is 
decreased from 25°, the boundary layer separates in the laminar state and the 
c, remains about 0.9 until an angle of 11° is reached. 
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With little or no free stream turbulence present the very short laminar 
boundary 1 ayer separates from the air'foil before transi ti on takes pl ace. A 
comparison of the airfoil flo\"I field at a = 12° for both incr'easing and 
decreasing angle of attack is shown in Figure 3. The lift jumps up at a = 10° 
as a result of the fact that transition in the separated shear layer allC\'ls 
the flow to reattach. The accompanying variatiol"l in the profile drag 
coefficient is shown in Figure 2b. The abrupt decrease in C1 is accompanied 
by an abrupt increase in Cd' Thet'efore in the lowest turbul cnce, qu1 etest 
tunnel configuration, a significant hysteresis regiol'l in the lift and drag 
forces was found. The presence and extent of this hysteresis was determined 
by the location of separation and/or transition in tlte boundary layer. The 
location of tl'ansition from laminar to turbulent flow in the boundary has been 
known to be affected by the 1 evel and type of free stream di sturbances for a 
long time. 
In eal'Her experiments using this airfoil hysteresis \'1as not found. 
These data \iere taken by increasing the angl e of attack from _100 to +200 
angle of attnc~ and then turning the tunnel off for the balance calibration. 
The airfoil was then returned to _10° angl e of attack for the next experirnen-.:. 
In the present im'estigation no attempt was made to determine whether or not 
hysteresis occurred at negative angles of ettack. 
The result of changing the acoustical environwent by adding one flow 
restrictor at the end of the test section is shown in Figure 4. The addition 
of one restrictor increas~s bot., the free Stl'eam turbulence level and the 
sound pressure level since the fan speed must be ;ncreas\,d for a fixed value 
of tunnel velocity. This tc~t section environment reduct~d the size of the 
hystereSiS region and produced a slightly higher Clmax or almost 1.4. A 
slightly lovler minimum drag coefficient was also obtained. The use of two 
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flow restrictors (i.e., still higher fan speed) produced similar results with 
the hysteresis being almost completely eliminated. The increase in free 
stream turbulence and acoustic excitation caused the laminar shear layer to 
transition much earlier, thus allm'ling the flow to reattach sooner. 
Increasing the free stream turbulence level to about 0.3~ , by adding one 
7.09 meshes/cm screen at the I'pstream end of the test section with no flow 
restrictcr, produced the lift and drag coefficients presented in Figure 5. 
This test section environment completely eliminated the hysteresis region and 
yielded values of Ctmax and Cd min between those of Figures 2 and 4. \lith a 
larger turbulence intensity in the test section, the airfoil boundary layer 
transitions very close to the leading edge, eliminating hysteresis by enabling 
the now to reattach at higher angles of attack. The abrupt decrease in C! 
occurred at approximately the svme angle of attack in each case. The ver"y 
large advel"se pressure gradient at this angle of attack (i .e. 19°) caused the 
boundary 1 ayer to separate \'1hether it "las 1 ami nar or turbul ent. Hystel"es is 
occlIrretj because the 1 ami nar separated shear' 1 ayer di d not reattach. P.1l 
increuse in turbulence did not prevent the abrupt loss of lift. but the 
separated flow \'1as turbul ent (!i i owi ng more rdpi d reattachment. 
When the cllord ReYliu ids number was increased to 200 ,000 the hysteresi s 
region was reduted when using the standard wind tunnel configuration. At this 
condition the abrupt decrease in lift occurred at about 19° for increasing 
angle of attack and the lift ju~ped up when the angle of attack was decreased 
to 16°. At a chord Reynolds nL'Tilber of 300,000 the abrupt decrease in lift 
occurred at about 21° a~d jumped back up at about 20°. 
The importance of ~his hysteresis phenomena cannot be o\(ere~phasized. 
low Reynolds number airroil data obtained in noisy and/or high turbulence wind 
tunnels may not exhibit significant hysteresis. Therefore, aircraft designed 
using such wind tllnrel data may not perform as expected in flight \~here the 
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free stream disturbance level is usually very low. 
Fl4 ee-stream disturbances are a major source of disparity in experimental 
data. However, there are other sources of disparity which produce results 
similar to those produced by free-strea~ turbulence. Figures Ca and 6b show 
the lift and drag curves produced in the standard wind tunnel environment with 
a strip of tape 2.5mm wide and 0.15mm thick placed near the leading edge (f.e. 
across the span at 1.1% chord) of the airfoil. This small boundary layer trip 
reduced the hysteresis in a similar manner to the introduction of a flow 
restrictor. The tape produces 3imilar-results by tripping the boundary layer 
and causi r:g earl) transi ti on. A model with a small amount of surface 
roughness at' i 14 regul ari ti es in thE' surface caused by fdbri cation defects coul d 
produce the same results. 
The problems associated wit~ obtaining accurate wind tunnel data for 
a1 rfoil secti cns at low Reynol ds numbe.s are compounded by the extreme 
sensitivity of the boundary laym"s to the free stream disturbance environment. 
The effect of free stream di sturbances vari es \'lith magnitude, frequr;n~y 
content, a,ld source of the disturbance. The sensitivity and accuracy of the 
measuremen" and data acquisition systems as well as the experimental proc~dur'e 
used can have a substantial effect on the results obtained. 
Although free-stream disturbances produced the largest disparity between 
different tests for the Lissaman airfoil, not all of the differences can be 
attributed to free-stream di sturbaflces. 1·10 del imperfecti ons or surface 
roughness can produce results identical to those achieved with free stream 
. 
d'isturbanccs. Reynolds number effects are critiCal at 1m'/ speeds. An 
incI'ease in ~eynolds nu:nber from 150,000 to 200,000 will eliminate a major 
portion of the hysteresis, and the hysteresis is insignificant at 300,000. It 
is important that the free-stream di stut'bances be ,,~el i documented for each 
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test condition in order to correctly attl"fbute- differences in test resul ts to 
these free stl"eam disturbances. A clear distinction between the effects of 
free-stream dist~rbances. model irregularities, and Reynolds number must be 
made before the perfornlance of airfoils at these Reynolds numbers can be 
clearly understood. 
This investigation indicat~s that it should not be surprising that 
different 10\'1 Reynolds nUlnber resul ts are obtai ned from di fferent wi nd tunnel 
1 aboratori es • 
Duri ng thi s report peri od the fo1 1 o'lli ng papers produced under thi s grant 
were published: 
1. IIAn Experimental Investigation of the LOI'l Reynolds Number 
Perfonnance of the Li ssaman 7769 Ai rfoil ," P. E. Conigl i aro, 
AIAA Paper No. 83-0647. 
2. liThe Influence of Free-Streem Disturbances on Low Reynolds 
Number Airfoil Experiments," T.J. Mueller, L.J. Pohlen, P.E. 
Conigliaro, and B.J. Jansen, Jr., in Experiments in Fluids, 
Vol. 1, pp. 3-14, 1983. 
r 
LOCATION OF 
~TURBULENCE SCREEN 
AIRFOIL MODEL 
FLOW RESTRICTOR/ 
ORtmNAt: P;~'3!:: t~ 
DE j2(JON: Q~A~i'r" 
L!SSAMAN 
Rc = 150,000 
1.6 
1.2 
0.8 
0.4 
o 
-4.0 0 
-20.0 -12..0 
o 
00000 
o 
o 
-0.8 --
4.0 
-0.4 
o 
a.) Sect~on L~ft Coeff~cient 
12.0 20.0 
a, DEGREES 
F~gure 2. L~ft and Drag Coefficients versus Angle of Attack 
of the Smooth Lissarnan A~rfoll wl.th ~o Screen or 
FlOtl Restr~ctor (Hystere5~s). 
28.0 
-20.0 
_0.5 
LISSAMAN 
Rc = 150,000 
0.4 
0.3 
0.2 
-12.0 -4.0 0 4.0 12.0 20.0 
(1, DEGREES 
b.) Section Profile Drag Coefficient 
Figure 2. L~ft and Drag Coeffic~ents Venus Angle of .\t tack 
of the Srooth Lissaman Airfo~l with No Screen or 
Flow RestrJ.ctor (Hyst~resl.s). 
I 
I 
28.0 
a.) Increasing Angle of Attack 
b.) Decreasing Ang/c~ of Attack 
~i'JI;r0 3. Smoke Photogrtlphs of Lis~":nc:n Airfoil at He ::: 150,000 
at 12° Anylc of Attack Wl~h No Flow Restrietor or Screen. 
,. ". 
- -i : ~ 
/' 
LISSAMAN 
Rc = 150,000 
1.6 
1.2 
, 0.4 
o 
<) 
S 
OR!GINAt PAG~ IS 
or- POOR QUALITY 
o 
-4.00 I ~I ------~I------~Io~~---·~I------rl-------~I--·----I 
-20.0 - 2.0 4.0 12.0 20JJ 28.0 
o 
o 
0<)00 <>-0.4 
-0.8 
a.) Sect~on Lift Coeff~cient 
at DEGREES 
F:.gure <l • Lift and Drag c..eff:'cie;nts Versus . .!,ngle of 
Attack of the Snooth Lissaman Airfo~l W~th 
~o Screen and One Flow Restr~ctor. 
L 
-20.0 
0.5 
'0.4 
Cd 
0.3 
0.2 
0 0 
0 
0 0.1 
0 
0 
¢ 
000 
J J 
OR\G\NAL PAGil 15 
Of POOR QUAU'N 
• 
LlssArvtAN 
RC = 150,000 
SO 
0 
0 
OO! 
U 
88 S$ 
gS 
~e 
G¢o$O<ll;:; 
<> 
J 
-12.0 -4.0 
° 
4.0 12.0 20.0 
-..1, DEGREES 
C.) Se::tl.on Jrcfl.le Drag Coefficient 
Figure 4. Ll.ft and Drag Coefficients versus ~~gle of Attack of the Smooth! Lissa:;:an Air:oil ~Hth 
~o Screen :md One :lo~ .. Restt"l.ctor. 
I 
28.0 
I 
1.6 
LISSAMAN 
Rc = 150,000 
1.2 
<> 
<> 
0.4 0 
o 
-4.00 
ORIGINAL PAGE IS 
OF POOR QUALITY 
-20.0 -12.0 <> 
<> 
4.0 12.0 20.0 28.0 
a, DEGREES 
-0.8 -
a.) Section Llft Coefficient 
Figure 5 llft and Drag Coefficients versus Pngle of At:ack 
of the Smooth Llssaman Alrfol1 with One 7.09 Meshes/em 
Screen and No Flow Restrictor. 
0.5 
0.4 
Cd 
0.3 
0.2 
00 
00 
0 0.1 
0 
0 
0O¢ 
LISSAMAN 
O~IGINAl PAGE IS 
Of POOR QUALITY-
Rc = 150 f OOO 
gS0 
¢ 
0 
r 
t 
000 
e 
0 
0 
0 
0 
0 
0° 
0 
600 
ooo() 
~------~------~--~--~--------~----.--~----~ 
-20.0 -12.0 -4.0 0 4.0 12.0 20.0 28.0 
a, DEGREES 
b.) Section Profile Drag Coefflcient 
Lift and Drag Coefficients versus Angle of Attack of 
the Smooth llssaman Alrfoil \'1ith One 7.09- Meshes/em 
Screen and No Flow Restrictor. 
1.6 
LISSAMAN 
Rc = 150.,000 
-20.0 
1.2 
0.4 0 
<> 
-4.0 {> 
-12.0 
"'0.8 
<> 
~e 
<> 
o 
4.0 
a.) S~ction Lift Coafficient 
oos9S0l01 
9 <><XI~ 
12.0 20.0 
a, DEGREES 
FJ.gure G. Ll.ft and Drag Cveff!.cients versus Angle of 
Attack of the Li5S:l:nan .urfo'll wii:h Tape Trip 
at 1.17. Chord and No Screen or Flol..' Restrictor. 
28.0 
-20.0 
0.5 
LlSSAMAN 
Rc = 150,000 
0.4 
Cd eO 
0.3 
Q{;} 
oot 
o I 
0.2 0 
0 
0 
00 r/> 
°0 0.1 00 
0 8 8~ 0 oS oorfo 0 
0
000 008<> 
I I 
-12.0 -4.0 0 4.0 12.0 20.0 
a, DEGREES 
b.) Section Profile Drag Coefficient 
Figure 6. Lift and Dt'ag Coefficients versus Angle of 
Attack of the L~ssar~n "irfo~l w~th Tape Trip 
at 1.1:: Chord and No Screen or Flm.r Rcstrictcr. 
28.0 

End of Document 
